This work deals with the automatic control of humidity in heated polyethylene (PE) covered greenhouses during the night under the Mediterranean weather conditions of Cyprus. Besides temperature, the most important limiting factor under Cyprus conditions is the relative humidity, especially during winter nights. High relative humidity leads to the development of fungal diseases, such as mildew, botrytis, late blight, etc. The experiments were carried out during winter 2003 and spring 2004 aiming to improve the control system previously developed at ARI. Relative humidity control was accomplished by combining forced ventilation and air movement in the greenhouse and by adjusting the heater-temperature between certain minimum and maximum limits. The amount of introduced fresh air varied and the exhaust cycle was performed every 20 or 30 minutes according to the temperature and humidity conditions inside and outside the greenhouse. This became possible by using a programmable controller. The results showed that the combined 20/30-minute cycle is preferable, in comparison to the 20-minute cycle, if keeping the relative humidity in the greenhouse between 70 and 85% will be satisfied for most of the time in winter at a lower cost.
INTRODUCTION
Humidity control is an important parameter in applying Integrated Crop Management programs, (ICM), in order to minimize the use of chemicals for pest and disease control thus protecting the environment and the consumers.
The major problem in greenhouse management in Cyprus is the control of relative humidity (RH) in winter, especially during the night. Due to the low outside temperatures greenhouses have to be kept shut. This leads to humidity accumulation, raising air relative humidity to 100%. Water condenses on the inside PE layer of the greenhouse and drips on the plants creating favorable conditions for the spreading of fungal diseases (Jarvis, 1993; Winspear et al, 1970; Lange, 1999) . Since most greenhouses in Cyprus are already equipped with air-heaters and some with exhaust fans and inside air-circulators, the question arises how they should be best utilized in order to solve or minimize the problem.
The main sources of humidity in a greenhouse are crop transpiration and water evaporation from the soil. Greenhouse temperatures are kept, for economical reasons, at lower levels than the physiological optimum, thus intensifying the problem. A suitable method for reducing air RH in a PE greenhouse is by mixing greenhouse air with outside air of lower water content and subsequent heating. An experimental program started in 1999 at the Agricultural Research Institute (ARI), aiming to solve the problem. The first results were very positive (Polycarpou, 2003) , so that the work continued with improvements on the humidity control software.
MATERIALS AND METHODS
Keeping RH level between 70% and 85% inside the greenhouse during the winter nights, using a properly designed control system prevents water condensation on plant leaves, stem and fruit and therefore reduces the incidence of Gray Mold.
The experiment was carried out in a multispan PE-greenhouse, 18 m wide (3x6m), 21 m long and 3,5 m high at the gutter (experimental greenhouse) at the Experimental Station of the Agricultural Research Institute in Acheleia, in winter 2003 and spring 2004. It was planted with cucumbers, sensitive to fungal diseases, aiming to study the effect of the controlled RH on fungal disease control and plant productivity. The plants were planted on rockwool slabs and were irrigated by an open hydroponic system. The pH and EC values of the nutrient solution were maintained during the experiment at 5,5 to 6,5 and 2.6 to 2.8 dS/m respectively, by a Dosmatic AMI 1000 Automatic Fertilizer Mixer.
Next to the experimental greenhouse an identical greenhouse, planted in the same way, was serving as reference (reference greenhouse).
Both greenhouses were heated during the night using air heaters. During the day the greenhouses were ventilated using automatic side windows and roof ventilation, taking into consideration the inside temperature of the greenhouse.
The control system in the experimental greenhouse consisted of an exhaust fan, (1 hp, 35000 m3/h), two air circulators, (0.33 hp, 4500 m3/h each) and an air heater (80000 Kcal/h).
Type MP100A Temperature and relative humidity probes from Rotronic Ag were used for temperature and RH measurements. For the evaluation of the specific humidity from measured values of RH, the barometric pressure was also measured, using a special semiconductor pressure transmitter (VAISALA -PTB101B), provided by Campbell Scientific. A Micro logger series CR23X from Campbell Scientific, Inc was used for data acquisition. At the same time it served as a controller. The readings from the MP103 sensors were used to evaluate the RH inside the greenhouse and to coordinate the operation of the exhaust fan, the circulators and the air heater in order to keep the RH within the desired range of 70% -85%. The proper control algorithm was developed. The program included settings for the minimum allowable inside temperature (t RMIN ) and the maximum allowable temperature (t RMAX 1 and t RMAX 2). The volume of air to be exhausted at each cycle, the interval between cycles and the heater set temperature had to be optimized in order to save energy.
At every cycle, the calculated amount of greenhouse air was exhausted. The fresh incoming air at temperature t DO was mixed by the air-circulators with the remaining greenhouse air at temperature t DI . The volume of exhaust air is calculated so that the temperature in the greenhouse after mixing remains near T RMIN . The properties of the mixing point M were measured/evaluated (Eastop and Conkey, 1978; Rogers and Mayhew, 1979; Luff, 1980; Rοtscher, 1982) and the mixed air was heated at the evaluated set temperature of the air heater and thus dried. The set temperatures t 70 and t 80 are defined as that temperature at which air having specific humidity similar to that of point M is to be heated, in order to reduce RH to 70% or 80% accordingly (Polycarpou, 2003) . The temperature set at the air heater was equal to t 70 , and was allowed to vary between the limits of t RMIN and t RMAX 1, in case t 70 was lower than t RMAX1 . If the calculated temperature t 70 became bigger than the first maximum limit t RMAX 1 and t 80 < t RMAX 1 then the temperature set at the heater was equal to t RMAX 1. In case t 70 >t RMAX 1 and also t 80 >t RMAX 1 then the heater temperature was set equal to t 80 . The temperature was then allowed to get values up to the second maximum limit of t RMAX 2.
The control cycle of the exhaust fan and air-circulators is activated at a certain time interval, ∆τ1, in case the RH rises above the limit of 70%. ∆τ1 is set at 30 minutes for the case that t 70 <t RMAX 1 and at 20 minutes if t 70 >t RMAX 1. This made the reduction of the exhaust cycles possible and thus the reduction of energy losses in cases of low outside temperatures.
Temperatures t 70 and t 80 are calculated using the following expression that gives the temperature of the air at a certain RH, t RH , as a function of the specific humidity (Polycarpou, 2003; 2004) :
(1) where, RH is the required RH (RH=0,7 or 0,8 accordingly), P is the barometric pressure [bar] , and x i stands for the specific humidity of inside air [kg/kg] The formula applies for 0,004<xi<0,011 with an R 2 =0,9996. It is derived by a regression of the values given in the tables for air properties (Psychometrics Theory and Practice, 1996) .
In case the indoor temperature after mixing goes under t RMIN , then the exhaust process goes off, while the air heater is still working with t set =t 70 , (t set =t 70 is reset every ∆τ2 minutes), so that the air is dried to a RH of 70%. In this way, the indoor air condition is forced to reenter the zone between t RMIN and t RMAX 1. The system attempts to keep the indoor air temperature as close to t RMIN as possible so as to minimize transmission heat losses from the greenhouse. This is ensured, by having a variable exhaust air volume instead of a fixed one. The method tends to avoid unnecessary, improperly timed exhaust cycles and, thus, excessive heat loss from the greenhouse. The system ceases to operate the moment the automatic side and roof ventilation starts operation in the morning.
RESULTS
The measured data described above, were further evaluated using Microsoft Excel and Simulink of Mathworks Inc.
The Figure 1 together with the temperatures t 80 and t 70 . It takes either value accordingly between the limits of T RMAX 1 and T RMAX 2 according to the conditions in the greenhouse.
The temperature variation in the experimental greenhouse compared to the reference greenhouse is shown in Figure 2 together with the outside temperature for the period of 11:00 in the morning of the 20 th April to the 11:00 in the morning of the 21 st February 2004. The variation of the air RH in the experimental greenhouse compared to the reference greenhouse and the outside values is shown in Figure 3 for the same period. The difference is evident. The fuel consumption of the heaters in both greenhouses was measured for the whole growing season. When the humidity control system is applied and the inside temperature is restricted to a maximum value of 16 o C, the heating input to the system is nearly doubled, compared to the reference greenhouse, whilst an increase in fuel consumption of about 25% between a t RMAX of 18 o C and a t RMAX equal to t 70 is to be observed. The restriction on t RMAX influences also the ability of the system to keep the RH of the air within the band of 70 to 85%.
The time interval between exhaust cycles, ∆τ1, plays also an important role on the economy of the system and the ability of the process to keep the RH within the desired range. The oil consumption of a system that has the flexibility to choose between ∆τ1 = 20 minutes and ∆τ1= 30 minutes according to the humidity and air temperature conditions in the greenhouse (i.e. according to the value of t 70 and t 80 ), seems to be about 16% less compared to that of the pure t 70 control having a fixed time interval of 20 minutes. The calculated seasonal fuel oil demand per unit greenhouse area for the ∆τ1 = 20 minutes and t 70 control (Polycarpou, 2003) For the reference greenhouse with t set = 13 o C, the seasonal fuel consumption was 6.7 kg/m 2 . The yield in the experimental greenhouse was about 45% higher than in the reference greenhouse, compared to 10% as observed in previous experiments.
The improved system was able to control the RH within 70% to 85% in the experimental greenhouse better than the previous versions.
DISCUSSION
The purpose of this work is to develop an automatic system, to control the air RH inside PE-greenhouses during winter nights. The most important component of the system is a controller responsible for the data acquisition, for evaluation of the necessary parameters and for controlling the operation of the exhaust fan, air circulators and airheater so that the RH of the air is kept between 70%-85%. Previous work at the ARI resulted in a control system based on a variable indoor temperature named t 70 (Polycarpou, 2003) . In the present work a modification is tested for improving the economy of the system. The indoor temperature is allowed to vary between t 70 and t 80 according to the humidity relations in the greenhouse and get values between a minimum temperature t RMIN and two maximum temperatures t RMIN 1 and t RMIN 2. In addition the fixed time interval between exhaust cycles equal to 20 minutes used before, was now replaced by selecting 20 or 30 minutes according to the conditions in the greenhouse. This gives to the system the flexibility to avoid unnecessary exhaust cycles and thus save energy.
The temperature management system tries to keep the heat losses as low as possible by keeping the temperature inside the greenhouse at the lowest possible level, i.e. near to t RMIN . For this reason the choice of t RMIN is very important. From the plant physiological point, t RMIN should permit a satisfactory plant growth and yield. The decision will depend also on the growing season and the marketability of the product. It should be kept as low as possible to minimize heat losses to the environment and promote energy conservation. On the other hand it should be high enough, so that condensation of humidity on plants is avoided. The recommended t RMIN should be a compromise between these parameters.
The same reasoning applies for t RMAX 1 and t RMAX 2 fixation. The system has to operate for the greater part of the growing season at t RMAX 1, depending on humidity levels. The efficiency of the system to control humidity depends on how near t RMAX 1 to the calculated t 70 is. If t set is lower or equal to t RMAX 1, then the humidity is kept at 70%. That means that if t RMAX is set to a value above the expected temperatures t 70 during the night, the system could keep the RH inside the greenhouse always around 70%.
The bigger the difference: ∆t1= t 70 -t RMAX 1 and ∆t2= t RMAX 2 -t 80 is, the bigger the deviation of the RH from the level of 70% and 80% respectively. The acceptable "gray band" depends again on crop physiology and the economical considerations of the system. For cucumber it seems that a range of RH between 70% and 85% could be acceptable regarding the control of Botrytis at the temperatures given above.
The system operates more effectively at periods where the outside RH is lower than 70%. Then the set temperature is kept below or equal to t 70 and the RH inside the experimental greenhouse is kept in the vicinity of 70%. If the outside conditions are not favorable (high outside temperature above t RMIN and high outside RH) then t set is set equal to t 80 . The system then targets an inside RH around 80%. Due to the dead times of the parameters involved in the control system the RH gets values between 65% and 85%. The behavior of the system is shown clearly in figure 3 .
As mentioned earlier, there is a considerable yield increase in the experimental greenhouse compared to the reference (about 45%). This is partly due to the higher temperature sustained in the experimental greenhouse due to the variable set temperature, t set and partly due to the better physiological condition of the plants kept in an environment of controlled humidity. Of course it depends also on the temperature requirements and sensitivity of the cucumber variety used. The increased yield could partly compensate for the extra heating cost required for the operation of the humidity control system.
The present work has shown that it is possible to control the RH in the greenhouse under Mediterranean conditions all year round, using the available technical means and without big investments. Future work shall include further improvements to the 
